Introduction
Phenolic compounds are widespread in nature. They are used in medicine and industries, including wood processing and pesticide production. Phenols are introduced to the environment in variety of ways like wastes from paper manufacturing, agriculture, petrochemical industry, coal processing or as municipal wastes [1] . The degradation products of non ionic surfactants, which are used both in household products and in textile, food, and varnish and paint industries, are another source of phenol derivatives. Many of these compounds are highly toxic, and their determination in low concentrations is an important problem. Due to health and ecological risks caused by long and short term exposure to these phenolic compounds, there is a considerable interest in their measurements in environmental and food samples. In the past decade a variety of analytical methods were proposed for determination of phenol and its derivatives in natural environmental waters and waste waters. The most widely used are gas chromatography [2] , high performance liquid chromatography [3] and electrochemical methods [4] [5] . These methods offer proper selectivity and detection limits, but, they are not suitable for rapid processing of multiple samples and real-time detection. They involve highly trained operators, time-consuming detection processes, and complex pre-treatment steps. The instruments are sophisticated and expensive. Further, the methods are unsuitable for field studies and in-situ monitoring of samples [6] [7] [8] .
Therefore, there is an interest in developing simple, sensitive, specific, accurate and portable system such as biosensor for determination of phenolic compounds. Many biosensor research papers have been reported previously for the detection of phenolic compounds based on several types of enzyme such as tyrosinase [9] [10] [11] [12] , laccase [13] [14] [15] and horseradish peroxidase (HRP) [16] [17] .
Laccase (EC1.10.3.2) is capable of oxidizing phenols by reducing molecular oxygen to water by a multicopper system. The reduction of oxygen to water is accompanied by the oxidation of the phenolic substrate. Laccases have four neighbouring copper atoms which are distributed among different binding sites and classified into three types: copper types 1, 2 and 3. Copper type 1 is involved in electron capture and transfer, copper type 2 activates molecular oxygen, while copper type 3 is responsible for oxygen uptake [18] .
The substrate range for laccase is fairly wide, including several polyphenolic, aromatic amines, aminophenols and 4-methyl-3-hydroxyanthranilic acid [19] [20] , and etc. Thus, laccase has found multiple applications in various field including degradation of lignin, wastewater treatment, decolorization and detoxification of textile dyes and biosensor as well [21] .
Enzyme immobilization technology is an effective means to improve enzyme stability and to perform its reuse. The sensitivity of analysis and the stability of an enzyme electrode can be improved using new matrices for enzyme immobilization. Enzyme immobilization on electrode surfaces due to physical adsorption, the covalent linking of laccase to the surfaces of carbon materials with bifunctional reagents, incorporation in a gel of bovine serum albumin crosslinked with glutaraldehyde, and incorporation into a polyaniline matrix have been described [22] . The electrodes developed exhibited various characteristics in terms of stability, sensitivity, and analysis time. Laccase has been successfully immobilized on many different types of carriers, such as glass beads, alginate beads, polyaniline matrix, microporous polypropylene hollow fiber membranes, activated carbon, chitosan film and magnetic chitosan microsphere, modified PVDF microfiltration membrane [23] [24] [25] as well as mesoporous carbon [26] .
In this paper, we will discuss the functioning of three different laccase-based enzyme electrodes, obtained by immobilizing the laccase from Trametes versicolor on gold electrode of Clark type DO sensor via crosslinking and via covalent bond. We used catechol as model substrate. Sensitivities, calibration curves and stability of the three biosensors also were compared. Furthermore, sample application and accuracy of the three types of sensors were also detected.
II. Experimental

Materials
Laccase (from Trametes versicolor) having specific activity 10 IU mg-1 was procured from sigma (USA). 3-mercaptopropionic acid (MPA), 1-ethyl-3-(3-dimethyl-aminopropyl)carbodiimide (EDC), Nhydroxysuccinimide (NHS), 3-aminopropyltriethoxysilane (APTES), glutaraldehyde, catechol were from SRL chem. India. All reagents were analytical grade and used as received. Double-distilled water was used throughout the experiments.
Apparatus
A Clark's electrode with an amperometric detection system was used for detection of catechol. An amperometric principle based detector system developed in our laboratory was used to amplify and monitor the signals obtained from enzyme electrode. Clark type of dissolved oxygen electrode was purchased from M/S Century Instruments, Chandigarh, India. The Clark-type electrode consists of a Gold (Au) cathode and a reference Ag/AgCl-electrode. The inter connectivity between working electrode and reference electrode is through the electrolyte. (phosphate buffer saline of pH 7)
The area of working electrode used here is 0.012cm 2 and the area of reference electrode is 1.64cm 2 as the area of working electrode is much smaller than the reference electrode there was no necessity of using counter electrode. A polarizing potential of -200mV was applied to the gold working electrode.
Preparation of the laccase-based electrodes
Three different electrode types, hereafter referred to using the code A, B and C, were prepared. The enzyme immobilization was carried out directly on gold electrode of Clark type DO sensor by crosslinking with glutaraldehyde (A), while it was performed on electrodes B and C using a covalent bond.
Preparation of electrode A
1IU of enzyme dispersed uniformly on the gold electrode of the DO sensor using micropipette. After drying the enzyme solution for 15 minutes at room temperature, the electrode was exposed to vapour of 25 % glutaraldehyde solution again for 30 minutes at room temperature to make cross-links among the enzymes.
Preparation of electrode B (laccase covalently bound to organothiol layers on gold electrode of the Clark type DO sensor)
Self-assembled monolayers of 3-MPA were obtained by immersion of the electrode for 3 h into 10mM solution of thiol, buffered to pH 7. In order to activate the carboxyl groups of the deposited 3-MPA the electrode was immersed in aqueous solution containing 75mM EDC and 25mM NHS for 30 minutes, then washed in deionized water for 1 minute and dried. 1IU laccase solution in 0.1M phosphate buffer (pH = 7) was applied and dispersed uniformly on the electrode using micropipette. Schematic representation of preparing this electrode is given in figure 1. 
Preparation of electrode C (laccase covalently bound to silanized gold electrode of Clark type DO sensor)
The gold electrode of the DO sensor was oxidized by 5% solution of potassium dichromate in 15% nitric acid (2 hours, 80 0 C) and the electrode was thoroughly rinsed with water and dried. The oxidized electrode was incubated in 2 % aqueous solution (pH = 7) of 3-aminopropyltriethoxysilane (APTES) at 37 0 C for 1 hour and thoroughly rinsed with water and dried. The silanized electrode was further modified with glutaraldehyde by being exposed to vapor of 25% glutaraldehyde solution for 1 hour. The glutaraldehyde activated electrode was rinsed with water,dried and 1IU laccase solution in 0.1M phosphate buffer (pH = 7) was applied and dispersed uniformly on the electrode using micropipette. After drying the enzyme solution for 30 minutes at room temperature, the electrode was put into vapour of 25 % glutaraldehyde solution again for 30 minutes at room temperature to make further cross-links among the enzymes. The electrode was thoroughly washed with the buffer. Schematic representation of preparing this electrode is given in figure 2. 
Construction of biosensor and measurement of response
After drying for 1hr the enzyme membrane was washed with phosphate buffer (pH 7) to remove excess glutaraldehyde. The electrode was immersed in a sample cell containing 5ml of phosphate buffer saline of pH 7. A schematic diagram of the biosensor is shown in (figure 3). 
The sample cell was continuously saturated with oxygen using a portable air pump. The probe was connected to the amperometric detector system developed in our laboratory. Then a voltage of -200mV was applied. 50µL of standard solutions of catechol of varying concentrations injected into the buffer solution using micropipette under stirring. The response was converted into voltage, amplified and monitored until the system was stable. The variation of the voltage was calculated and this variation is proportional to the substrate concentration. The time taken to reach steady state is 3 minutes. The system provides a 2-point calibration for quantification of catechol.
Operational stability of electrodes
The operational stability studies of immobilized enzyme electrode were carried out at 28 ±2° C. The electrodes were stored up to by keeping immersed in phosphate buffer of pH 7 and the activity was checked daily by injecting 10µM catechol and the response recorded as drift in voltage.
Studies on immobilized enzyme kinetics
Kinetic parameters for the immobilised laccase catalysed reaction were calculated and compared for the electrodes.
Calibration plots and analytical characteristics
Various analytical features such as linearity range, limit of detection, correlation coefficient (R 2 ), and sensitivity were studied for the three electrodes.
Sample application
The laccase based biosensors (type A, B and C) were applied in synthetic waste water samples. Validations of the three types of biosensors were carried out by comparing the results obtained from the test biosensors with that of HPLC. A Schimadzu model High Performance liquid chromatograph equipped with a LC 20AD model pump and an injector was used in the present study, and the column effluents were monitored at 280nm. Peak areas were determined using LC solution software. The flow rate was 1ml/min. A 250 X 4.6mm Luna 5u C18 column was used. Methanol/water mixture was used as the mobile phase.
III.
Results And Discussion
Optimum pH for the laccase catalysed reaction for the three electrodes
Since an enzyme reaction is strongly dependent on the pH of the solution, especially when the catalyst is immobilized, the biosensor response was studied at different values of the pH in the range from 4 to 8. In Fig.  4 , the results of this investigation are reported for each of the three biosensor types. The catechol concentration was 10µM and the temperature 28 0 C. The results in the figure clearly show that the best response for each of the biosensor types occurs at pH 7. 
Calibration plot, different analytical characteristics and operational stability
Once established that the optimum value of the peak current for our biosensors occurs at pH 7.0, further experiments were conducted under these conditions in order to obtain calibration curves for each biosensor type Table 1 summarises the characteristics of the calibration plots obtained for the three laccase electrodes under the optimized working conditions. The data show that sensitivities are higher when the laccase is covalently bound to the electrode in comparison to the value obtained with the type A electrode. The opposite is true when the extension of the linear range is considered. Similar results were obtained using another system [27] .
Sensitivity of the biosensors developed with catechol as model substrate was found to be in the order: Type C ˃ Type B ˃ Type A. Therefore, Type C electrode was found to be the best in terms of sensitivity, LOD, response time and operating stability.
The covalent immobilization could make the redox cycle of the substrate to take place on the surface very closely and minimize the diffusional resistance between electrode surface and enzyme layer to give a fast response [28, 29] . The very stable response of the sensor can be related to the good reversibility of the substrate, stable enzyme loading due to covalent immobilization, unblocked channels in enzyme layers for mass transport, and so on. Although the exact reason for the improved sensitivity of the sensor is not fully understood, several effects may be considered: the better affinity of the enzyme for the substrate, the increased catalytic rate of the enzyme for the substrate, and the better mobility of the substrate in the enzyme layer [30, 31] . The relatively low sensitivity in high substrate concentrations can be ascribed to the saturation of the enzyme active site by the substrate. The variations in sensitivity can be mainly attributed to the substrate specificity of the enzyme from different sources and to the different immobilization methods.
The sensor signal of the laccase covalently immobilized on gold electrode via silanization is very stable and rather reproducible. The response time is 3 min. The stability of the sensor is outstanding, which is as long as 30 days (retaining 50% of initial activity). The detection limit is about 0.06x10 -5 M, and the linear range is 0.2-1x10 5 M. The reasons for most performance of the sensor prepared by silanization might be resulted from the flexibility and the higher surface density of the linker, 3-aminopropyltriethoxysilane.
The repeatability of the biosensors is checked by the determination of 50 μmol/L catechol in 10 replicates. As exhibited in Table 1 , the relative standard deviation (RSD≤4%) of the results indicates the reliable repeatability, accuracy and reusability of the biosensors. 
Immobilized enzyme kinetics
Immobilized enzyme kinetics was studied using catechol as model substrate. Apparent MichaelisMenten constants (K m app.), and the maximum rate of reaction (Vmax) were calculated from the corresponding Lineweaver-Burk plots as shown in (Table 3) . As theoretically predicted, the sensitivity of the biosensors for each phenolic compound is higher as the corresponding Km, app is lower and the Vm value (which is proportional to the catalytic constant for the conversion of the enzyme-substrate complex into the product plus the enzyme) is higher. Thus, the ratio Vm/Km, app, the catalytic efficiency, gives a prior indication of the substrates sensitivity trend. Silanization method displays a greater affinity towards catechol when compared to other methods of immobilization. Hydrophobic interactions are considered as the single most important factor in stabilization of the enzyme structure. Therefore strengthening of these interactions should impart structural rigidity to the enzyme molecules. Silane has been used for the surface modification of solid supports for the immobilization of enzymes, wherein the non-reactive groups in silane such as alkyls provide hydrophobicity and render the surface positively charged [32] .
It is therefore evident that, in order to design laccase-based biosensors for the determination of phenolic compounds one must adapt the immobilization methods on the basis of the interest in having high sensitivity. 
Sample application.
Validation of the test biosensors were successfully performed by comparing the results with conventional HPLC. Synthetic waste water samples prepared with known amount of catechol were used as stock substrate solution with different dilution by working buffer and 50µl of waste water sample was added to the reaction cell after equilibration had occurred and then the change in current was measured. The signals obtained from these samples were found to be very similar with that of the reference compound solutions having the same concentration. Good correlation was observed between results obtained with the test biosensor and those with HPLC (Table 4) . 
IV. Conclusions
It has been demonstrated that it is possible to modulate the electrical response of laccase-based biosensors by using different immobilization methods directly on gold electrode of Clark type DO sensor. Laccase immobilization using covalent bonds ensures higher sensitivities with respect to immobilization obtained by crosslinking method directly on gold. This provides clear indications for the design of biosensors obtained by covalent enzyme immobilization, provided that the time stability is interesting. The sensor signal of the laccase covalently immobilized on gold electrode of DO sensor via silanization is very stable and rather reproducible. This electrode was found to be the best in terms of sensitivity, LOD, response time and operating stability. Therefore, the system could be easily applied for the screening of phenolic compounds in industrial effluents.
